Selective localization of conductive nanofillers in one phase of co-continuous polymer blends provides an efficient method to greatly reduce the electrical percolation threshold of conductive polymer composites.
Introduction
Over the last two decades, conductive polymer composites (CPCs) consisting of insulating polymer matrices and conducting nanollers have aroused enormous interest from both academia and industry because they are highly desirable in various high-value applications such as electronic sensors, [1] [2] [3] actuators, 4, 5 and electromagnetic interference shielding materials. [6] [7] [8] Among these emerging nanollers, carbon nanotubes (CNTs) with outstanding electrical conductivity and large aspect ratio (typically ca. 300-1000) exhibit natural advantages to remarkably improve the electrical conductivity of host polymers with a low loading.
9,10 Nevertheless, high CNTs loading is generally required to construct a well-developed or percolated conductive network in most polymer matrices due to the strong agglomeration tendency of CNTs in these matrices, and a high volume fraction of CNTs inevitably causes high cost, processing difficulty, and even deteriorated mechanical properties.
9-11
Therefore, lowering the electrical percolation threshold of nanollers as much as possible is extremely crucial for the development of CNTs lled CPCs with low cost and good meltprocessability.
Up to now, a great deal of efforts has been devoted to lower the percolation threshold of CPCs. 2 The percolation threshold is dependent not only on the intrinsic properties of nanollers (e.g., aspect ratio) and their dispersion level but also highly on their distribution state in polymer matrices. 2, [12] [13] [14] [15] [16] [17] [18] For example, the lowered percolation threshold can be obtained by manipulating matrix crystallization of single-polymer CPCs (e.g., polylactide/CNTs composites) because the volume exclusion effect provided by the crystallization can impel conductive nanollers to transfer from crystalline regions into amorphous regions and the selective localization of the nanollers enables the formation of percolated conductive pathways in the polymer matrix with a lower loading. 14, 15, 18 Compared with the singlepolymer CPCs, the incorporation of conductive nanollers into immiscible multiphase polymer blends provides a much better opportunity for the development of CPCs with substantially lower percolation thresholds by melt processing.
2,19-25
Among various combinations of nanoller localizations and blend phase morphologies, the double percolated structures formed by the selective localization of nanollers in only one phase or at the interface of co-continuous polymer blends have been frequently employed to design various CPCs with low and even ultralow electrical percolation thresholds in recent years.
19-26
For instance, the electrical percolation threshold of CNTs in cocontinuous polycarbonate/poly(styrene-acrylonitrile) (PC/SAN) blends is lower than 1 wt%, much lower than their percolation thresholds in neat SAN matrix (2.0 wt%) and in neat PC matrix (1.5 wt%). 20 Very recently, such structures have also been utilized to improve the thermal conductivity of CPCs. 22, 27 Specially, the selective localization of nanollers at the blend interface is proposed to be the ideal scenario to reach high conductivity with the lowest percolation threshold. 24, 25 Unfortunately, although the selective localization of nanollers in polymer blends could be readily controlled by adjusting thermodynamic and kinetic parameters (e.g., interfacial tension and mixing procedures) during melt processing, 20, [28] [29] [30] it still remains a big challenge to achieve stable interface-localization of high-aspect-ratio CNTs owing to their fast transfer mechanism from a thermodynamically less favorable phase into a more favorable one and their poor stability at the blend interface. 29, 30 The transfer speed as well as the stability of various solid nanollers at the blend interface are strongly dependent on their aspect ratio. 30 The larger the aspect ratio, the faster the transfer and the poorer the interfacial stability are. Thus, the stable interface-localization has been reported to form only in low-aspect-ratio nanoparticles (e.g., carbon black (CB) 31, 32 and titanium dioxide (TiO 2 )
33
) lled polymer blends. Whereas for CNTs, only the kinetically trapped interfacelocalization states can be obtained in melt-processed polymer blends by adjusting the interplay between thermodynamic driving forces and kinetic factors. [28] [29] [30] 34, 35 In fact, besides the selective localization of nanollers within one phase of co-continuous polymer blends, the critical content of the selectively lled phase required for its complete continuity also plays a key role in lowing the percolation threshold of CPCs. [36] [37] [38] [39] [40] If the critical content is low enough, the same ultralow electrical percolation threshold as the case of the selective interface-localization could be achieved. Nevertheless, the composition range for the formation of co-continuous structure in most polymer blends is usually very narrow, and only when the blend composition ratio approximates 50 : 50 (v/ v) can the co-continuous structure form. 21, [36] [37] [38] 41 Thus, broadening the composition range for the co-continuity of polymer blends is believed to be a promising alternative strategy for fabricating highly conductive CPCs with an extremely low CNTs loading.
2 Despite it might be of great importance for developing low-cost and easy-processable CPCs, the attention paid to this strategy is scarce until now. Recently, adding conductive nanollers (e.g., CB) with a strong self-networking capability has been proved to be an efficient way to substantially reduce the critical content for maintaining the co-continuous structure of polymer blends because these nanollers not only tend to self-organize into 3-D continuous network structure in blend melts but also drive the discrete droplets of the nanoller-rich phase fuse together into continuous structure at low loadings, thus giving rise to a dramatically decreased electrical percolation threshold. [36] [37] [38] [39] [40] For example, with the incorporation of 4 wt% CB into polystyrene/polyethylene (PS/PE) blends, the critical PE content required for forming a co-continuous structure drops notably from 40 wt% to 10 wt%. 36 However, for the CNTs, the absence of such a strong self-networking capability makes it hard to remarkably reduce the critical content for the complete continuity of the CNTs-lled phase. Therefore, it is essential to develop a simple and versatile route towards highly conductive CPCs with a low CNTs loading.
It is well accepted that the phase morphology of dual-phase polymer blends is mainly determined by the composition and melt-viscosity ratio between the two phases. [41] [42] [43] Generally, substantially increasing the viscosity of the major phase could promote the continuity of the minor phase at a much lower volume fraction and thus causing a broadened composition range for the formation of co-continuous structure in the blends.
41-43
Unfortunately, although several approaches including chemically cross-linking can be used to enhance melt-viscosity of polymers, it is still a challenging task to substantially adjust the viscosity ratio of polymer blends without sacricing their melt-processability and mechanical properties. Very interestingly, stereocomplex (SC) crystallites formed by co-crystallization of enantiomeric poly(L-lactide) (PLLA) and poly(D-lactide) (PDLA) have been reported to be used as efficient rheology modier to signicantly enhancing the melt-viscosity of PLLA and other polymers because these SC particles possessing higher melting temperature can selforganize into three dimension network structures to reinforce the melts. [44] [45] [46] [47] [48] [49] [50] Moreover, super-toughened and heat-resistant PLLA/elastomer blends can be prepared by using small amounts of SC crystallites as a highly efficient nucleating agent to signicantly accelerate PLLA matrix crystallization. 51 Very recently, we further conrm that the construction of SC crystallites in the PLLA/elastomer blends is an elegant strategy for the morphological transition of the minor elastomer phase from the common well-dispersed droplets to the unique continuous structure. 52 Encouraged by this inspiring result, it is natural to think what would happen when CNTs are selectively localized in the elastomer phase of these blends. Can SC crystallites promote the complete continuity of the CNTs-lled elastomer phase (where the presence of CNTs conductive networks would remarkably increase the melt-viscosity of the elastomer phase 9, 53 ) as that of the blank elastomer phase and nally dramatically enhance the electrical conductivity of the obtained PLLA/elastomer/CNTs composites?
In this work, taking immiscible PLLA/thermoplastic polyurethane (TPU) blends as host matrices, we aim to demonstrate the applicability of such a facile strategy to substantially reduce the percolation threshold of CNTs. To do this, small amounts of PDLA was incorporated into the PLLA/TPU/CNTs composites through directly melt mixing at 190 C, which is an optimum melt-processing temperature for the SC crystallization between PDLA and PLLA chains. 54, 55 The PLLA/TPU blends have a great application potential in many elds due to their good property complementarity. 52, 56, 57 The glassy PLLA phase with impressive sustainability shows inherent brittleness, while the rubbery TPU phase with outstanding toughness exhibits much lower tensile strength and stiffness. One can readily control or even design the toughness and mechanical strength of the blends by tailoring their composition and phase morphology.
52 By constructing SC crystallites in PLLA melt to signicantly enhance its viscosity and subsequently remarkably reduce the critical content for the complete continuity of CNTs-lled TPU phase, a new type of highly conductive PLLA/TPU/CNTs composites with a very low percolation threshold and an excellent stiffnesstoughness balance has been prepared for the rst time. More importantly, the strategy presented here is not only easy to implement through simple melt processing but also could be extended to other conductive composites based on different PLLA blend matrices, suggesting a general universality of our current work.
Experimental

Materials
PLLA with a weight-averaged molecular weight (M w ) of 1. 
Sample preparation
PLLA/TPU/CNTs composites containing various amounts of PDLA (5-25 wt%, based on the actual weight of both PLLA and PDLA resins) were prepared by melt mixing using a HAAKE Rheomix 600 internal mixer (Germany) at 190 C and 60 rpm for 5 min. To achieve good dispersion as well as selective localization of CNTs in TPU phase, the CNTs were pre-dispersed in TPU (TPU/CNTs mixture) and then directly melt-mixed with PLLA and PDLA. Because the electrical percolation threshold of CNTs in the TPU/CNTs mixture is measured to be 1.5 wt% (the detailed results are not shown here), the weight ratio of TPU/ CNTs was xed at 98.5/1.5 in all composites. The obtained composites were named as PLLA/xTPU-1.5CNTs/yPDLA, where x and y represent the content of TPU-1.5CNTs and PDLA, respectively. For comparison, PLLA/TPU/CNTs composites without PDLA were also prepared by applying the same processing conditions. Aer melt mixing, the sheet specimens with a thickness of about 1.2 mm for rheological and electrical conductivity measurements were fabricated by compression molding at 190 C and 10 MPa. The standard rectangular and dog-bone shaped specimens for mechanical testing were fabricated by injection molding using a Thermo Scientic HAAKE MiniJet II (Germany) at 200 C.
Prior to the melt processing, all materials were vacuum-dried at 50 C for at least 12 h.
Characterizations and measurements
2.3.1 Differential scanning calorimetry (DSC). Thermal analysis was carried out on a PerkinElmer pyris-1 DSC (USA) under a dry N 2 atmosphere. The DSC instrument was calibrated with indium standard before use. For each analysis, a specimen (5-6 mg) was sealed in an aluminum crucible and then heated from 30 C to 250 C at a scanning rate of 10 C min À1 . The crystallinity of SC crystallites (X c,SC ) was calculated using the following expression:
where DH m,SC is the melting enthalpy of SC crystallites during the rst DSC heating runs, w f is the weight fraction of both PLLA and PDLA components in the samples, and DH rotational rheometer (UK) equipped with parallel-plate geometry (25 mm in diameter) under a dry N 2 atmosphere. The gap distance between the two parallel plates was xed at 1 mm. The dynamic frequency sweep was performed from 0.01 to 100 Hz with a xed strain of 1% to ensure a linear viscoelastic response.
Scanning electron microscope (SEM)
. Phase morphology and microstructure was observed using a FEI Inspect F eld emission SEM (FE-SEM, USA) with an accelerating voltage of 5 kV. Before the SEM observation, the compression molded sheets were cryo-fractured in liquid nitrogen and the obtained cryo-fractured surfaces were then coated with a thin layer of gold.
Electrical conductivity measurement. Electrical conductivity higher than 10
À6 S m À1 was measured by a Keithley 6487 picoammeter (USA) under a constant voltage of 1 V, while the conductivity lower than 10 À6 S m À1 was measured by a ZC-90G high resistance meter (China). All the measurements were conducted on the rectangle specimens (30 mm Â 4 mm Â 1 mm, length Â width Â thickness) at room temperature. Both sides of each specimen were coated with silver paint to eliminate contact resistance between the specimen surface and the electrodes.
Mechanical testing.
Notched Izod impact strength was tested using a XJU-2.75 impact tester (China) in accordance with the ISO180/179 standard and tensile properties were tested using a SANS universal tester (China) at a crosshead speed of 5.0 mm min À1 according to the ISO 527-3 standard. All the tests were performed at room temperature and the property values reported here were averaged from at least six independent specimens for each sample.
Results and discussion
SC crystallites induced phase transition
PLLA/TPU/CNTs composites with various amounts of PDLA was prepared by melt mixing at a favorable temperature of 190 C for the in situ SC crystallization between the PDLA and PLLA chains.
To conrm the rapid formation of SC crystallites during the melt-mixing process, DSC analysis was performed on the meltquenched composites aer mixing for 2 min and the results are shown in Fig. 1 . Clearly, four typical transitions including the glass transition (T g ), cold crystallization (T cc ), melting of PLLA homochiral (HC) crystallites (T m,HC ), and melting of SC crystallites (T m,SC ) can be observed during the heating runs. With the incorporation of 5 wt% PDLA into the PLLA/TPU/CNTs composites, a weak characteristic melting peak of SC crystallites is noticed at around 215 C, which provides a direct evidence for the rapid formation of SC crystallites because the content of the SC crystallites formed in the cold crystallization process has been proved to be very low. 45 Moreover, this peak not only becomes stronger but also shis to a higher temperature of 225 C with increasing PDLA concentration up to 25 wt%, indicating a signicantly increased content of SC crystallites (the X c,SC is enhanced from 3.0% to 20.1%) with more perfect lamellae as that usually observed in the asymmetric PLLA/PDLA blends. 45 The apparent decrease in the cold crystallization peak temperature with increasing PDLA concentration should be ascribed to the nucleating effect of SC crystallites on PLLA homo-crystallization, but the conning effect of SC crystallite network on homo-crystallization could gives rise to a greatly decreased content of HC crystallites.
44
Because the SC crystallites formed in the PLLA melt of PLLA/TPU/CNTs composites could act as efficient rheology modier to remarkably increase the melt-viscosity of PLLA phase without evidently affecting that of TPU phase, the dynamic rheological analysis was performed on the neat TPU, TPU-1.5CNTs mixture, and PLLA/PDLA blends to reveal the effect of the formed SC crystallites on the viscosity ratio between PLLA and CNTs-lled TPU phases. Fig. 2 presents the complex viscosity (h*) of these samples as a function of frequency. As expected, the incorporation of PDLA induces a remarkably increased melt-viscosity of PLLA due to the formation of SC crystallite network in the PLLA melt. 44, 45 Moreover, neat PLLA exhibits a frequency independent ow (i.e., Newtonian) behavior at low frequencies, whereas a strong shear-thinning behavior is observed in the PLLA/PDLA blends and all the blends retain good melt-processability even at a high PDLA concentration of 25 wt%. At the low frequency zone, neat TPU also shows the typical Newtonian plateau as that of neat PLLA, while TPU/1.5CNTs composite displays the same shear thinning behavior as that of the PLLA/PDLA blends due to the ow-impeding effect by the presence of percolated CNTs network structure. 58, 59 Similar result has been widely reported on many other composite systems containing CNTs, such as poly(vinylidene uoride) (PVDF)/CNTs 58 and polypropylene (PP)/CNTs 59 composites. More interestingly, although the presence of CNTs can signicantly increase the melt-viscosity of TPU at the low frequency zone, the viscosity of TPU-1.5CNTs mixture is only slightly higher than that of neat TPU in the higher shear rate range of common melt-processing. The average shear rate during our melt-mixing in internal mixer at 60 rpm is estimated to be 49.1 Hz according to the model proposed by Bousmina et al. 60 Under this processing condition, the viscosity ratio between the PLLA and TPU-1.5CNTs phases is increased sharply from 1.5 to 57.8 with increasing PDLA concentration from 0 to 25 wt%, which makes it possible to effectively control the phase transition behavior of the PLLA/ TPU-1.5CNTs composites via tailoring viscosity ratio with the aid of SC crystallites. In other words, the SC crystallites induced sharp increase in the viscosity ratio could promote the continuity of the TPU-1.5CNTs phase at a much lower TPU content.
The morphological structures of PLLA/TPU-1.5CNTs/PDLA composites were observed using SEM. Fig. 3 shows some representative SEM images of the PLLA/30TPU-1.5CNTs composites with various amounts of PDLA. The red dots in the SEM images represent the TPU phase where the CNTs are selectively localized, as identied by the SEM image of TPU-1.5CNTs composite presented in Fig. S1 . † No obvious transfer of the CNTs occurs from TPU to PLLA phase during the meltmixing process. From Fig. 3a , one can observe a typical seaisland structure in the PLLA/30TPU-1.5CNTs composite, where the spherical TPU-1.5CNTs droplets are dispersed in the continuous PLLA phase. Once small amounts (5 wt%) of PDLA are incorporated into the composite, however, these TPU-1.5CNTs droplets tend to aggregate together into clusters with irregular shapes (as highlighted by the red circles in Fig. 3b) . Further increasing the PDLA concentration up to 15-25 wt%, an expected co-continuous structure is developed (Fig. 3c and d) , demonstrating that the formation of sufficient SC crystallites in PLLA melt can induce the phase transition of the PLLA/TPU blend matrix from the sea-island structure into the cocontinuous structure. Very importantly, it is interesting to nd that the critical TPU content for the formation of cocontinuous structure in the blend matrix is signicantly decreased from 50 wt% for PLLA/TPU-1.5CNTs composites (Fig. 4a and c) to 25 wt% for PLLA/TPU-1.5CNTs/15PDLA composites ( Fig. 4b and d) . In this case, a greatly reduced electrical percolation threshold is expected to achieve in the PLLA/TPU-1.5CNTs/PDLA composites due to the selective localization of percolated CNTs network in the continuous TPU phase. Furthermore, it is worthy to note that the co-continuous structure of the PLLA/50TPU-1.5CNTs composite becomes ner with the incorporation of 15 wt% PDLA (Fig. 4c and d) .
Electrical conductivity
The electrical properties of PLLA/TPU/CNTs composites with various amounts of PDLA are measured and some representative results are shown in Fig. 5 and 6 . In all composites, the weight ratio of TPU/CNTs is xed at 98.5/1.5 to ensure the high electrical conductivity of the CNTs-lled TPU (TPU-1.5CNTs) phase. Expectedly, the electrical conductivity of these composites is dominated by the SC crystallites tailored phase structure of the PLLA/TPU blend matrix. For PLLA/30TPU-1.5CNTs/PDLA composites, the conductivity exhibits a sharp rise of about 7 orders of magnitude as the PDLA concentration increases from 0 to 15 wt% (Fig. 5) , clearly indicating that the percolated conductive network of CNTs is formed due to the signicantly enhanced continuity of the TPU-1.5CNTs phase. This is in good agreement with the SEM observations of the corresponding phase structure (Fig. 3) . However, no notable increase can be achieved with further increasing PDLA concentration up to 25 wt%. Most importantly, the PLLA/TPU-1.5CNTs/15PDLA composites possess much higher electrical conductivity as compared with the PLLA/TPU-1.5CNTs composites at all TPU-1.5CNTs concentrations (Fig. 6) . In order to evaluate the percolation threshold (4 c ), the relationship between the measured electrical conductivity (s) and the CNTs content (4) above 4 c was tted with using the classical percolation scaling law:
where s 0 is the scaling factor and t is the percolation exponent related to the dimensionality of the percolated ller network. The detailed procedure is described in the ESI † and the obtained double-logarithmic plots of s versus (4 À 4 c ) are shown in Fig. 6 as an inset. The 4 c of the PLLA/TPU-1.5CNTs/15PDLA composites is estimated from these plots to be 0.30 wt%, which is much lower than that (0.68 wt%) of the PLLA/TPU-1.5CNTs composites. Obviously, very low electrical percolation threshold can be achieved in the PLLA/TPU/CNTs composites by constructing sufficient SC crystallites in PLLA melt to dramatically decrease the critical content of the CNTs-lled TPU phase for its complete continuity.
Mechanical properties
Considering that both the good mechanical strength and the fracture toughness are oen required to avoid fracture of highly conductive CPCs in various application environments, the tensile properties and impact toughness of the PLLA/TPU-1.5CNTs and PLLA/TPU-1.5CNTs/15PDLA composites were measured via uniaxial tensile and notched Izod impact testing. The results of some representative composites are presented in Fig. 7 . One can clearly see that, at the same electrical conductivity level, the PLLA/TPU-1.5CNTs/15PDLA composites exhibit superior Young's modulus and tensile strength over those of the PLLA/TPU-1.5CNTs composites because of the greatly reduced rubbery TPU content with the incorporation of 15 wt% PDLA (Fig. 7a) . Meanwhile, the inferior impact toughness is also observed in the composites (Fig. 7b) . Hence, the highly conductive PLLA/TPU/CNTs composites with balanced mechanical properties have been prepared that are both strong and tough.
Conclusions
In summary, we have demonstrated a facile and elegant strategy for the fabrication of highly conductive PLLA/TPU/ CNTs composites with very low electrical percolation threshold and balanced mechanical properties via tailoring phase transition behavior of the PLLA/TPU blend matrix with the aid of SC crystallites. The SC crystallites can be rapidly formed in PLLA melt during melt-mixing of the composite components with small amounts of PDLA and then act as physical cross-linking points to dramatically increase PLLA melt-viscosity without affecting the viscosity of the CNTs-lled TPU phase, nally leading to a shi of the critical composition for forming co-continuous phase structure to a much lower TPU content (from 45 wt% to 20 wt%). Compared with the conventional PLLA/TPU/CNTs ternary composites, not only a dramatically reduced electrical percolation threshold (from 0.68 wt% to 0.30 wt%) but also a superior stiffness-toughness balance are obtained in the novel PLLA/TPU/CNTs/PDLA composites due to the decreased critical content for the continuity of the rubbery TPU phase. Moreover, the construction of SC crystallites via industrially meaningful melt mixing is a versatile technique for preparing CPCs with different PLLA blend matrices, such as PLLA/poly(3-caprolactone) (PCL) and PLLA/poly(butylene succinate) (PBS) matrices. We believe that such a simple and effective technique could offer a new pathway for the large-scale production of various PLLA-based CPCs for practical applications. Fig. 7 Mechanical properties of PLLA/TPU-1.5CNTs and PLLA/TPU-1.5CNTs/15PDLA composites below, at, and above corresponding electrical percolation threshold (P c ).
